Introduction
Extreme temperature events, through the occurrence of prolonged hot or cold spells, can have serious impacts on our environment and society. Analyses of observed temperature in many regions of the world have already shown some important changes in the extremes. The global average surface temperature has increased by about 0.6°C over the twentieth century and many areas have experienced significant warming during the last fifty years (Folland et al. 2001 ). This warming may not be spatially or temporally uniform, but it is projected to continue and will likely be accompanied by more extreme climate events. Our society and infrastructure are becoming more vulnerable to severe and intense weather and it is essential to closely monitor the extreme events and to continue to search for evidence of changes in climate extremes.
Until now, issues regarding quality and availability of daily temperature data and the lack of consistency in methods and analyses have made it difficult to compare and interpret the results of many studies from various regions of the globe. Overall, the findings revealed a significant decrease in the number of days having extreme cold temperatures but it seems that no consistent changes were found in the frequency of extreme warm days. Recent investigation of the trends in temperature indices over Europe has indicated a symmetric warming of the cold and warm tails of the daily minimum and maximum temperature distributions during 1946 -1999 (Klein Tank and Können 2003 . The frequency of cold days has decreased in northern China while the number of hot days has also decreased in the eastern part of the country over the past 40 years (Zhai et al. 1999) . Over Australia and New Zealand, the frequency of warm days and nights has increased while the frequency of extreme cool days and nights has decreased since 1961 (Plummer et al, 1999) . For the United States, the number of frost days has slightly decreased over , while a small downward trend was also observed in the frequency of days with maximum temperature above the 90 th percentile (Easterling et al. 2000) . For southern Canada, the findings show increasing trends in the 5 th and 95 th percentiles of the daily minimum and maximum temperature over 1900-1998, however , no consistent trends were found in extreme hot summer days (Bonsal et al. 2001 ).
For South America, there have been little published results on temperature changes and extremes which are available internationally. A few papers on temperature extremes in Argentina have been published recently. A comparison study of station temperature observations with NCEP-NCAR reanalysis datasets has shown the ability of reanalysis data to reproduce extreme warm and cold events (Rusticucci and Kousky 2002) . The relation between warm/cold events and sea surface temperatures was also examined (Rusticucci et al. 2003) . The trends in means, standard deviations and extremes were evaluated for the summer (December, January, February) and winter (June, July, August) for 1959-1998 in the same country (Rusticucci and Barrucand 2004) . The results
show negative trends in the number of cold nights and warm days while the number of warm nights and cold days has increased at several locations mostly during the summer.
Temperature trends were also analysed in other regions of South America.
Warming was identified in various parts of Brazil and it was sometime attributed to the changes in land use, including the developme nt of large cities such as Sao Paulo and Rio de Janeiro (Marengo 2003 (Marengo , 2001 Sansigolo et al. 1992) . In Colombia, night-time temperature has increased steadily during the last 30 to 40 years (Quintana-Gomez, 1999) . For the Amazon region, Victoria et al. (1998) have detected a warming of 0.56°C/100 years until 1997, while Marengo (2003) has updated the trend to 0.85°C/100 years until 2002. In Southern Brazil, the temperature trends since the 1960s indicate stronger warming of the minimum temperatures compared to the maximum mainly in the winter (JJA) resulting in a decrease i n the diurnal temperature range (Campos and Marengo 2004) .
A near-global analysis was undertaken by Frich et al. 2002 The key regions were Central and South America, Africa and southern Asia. In 2001, a first workshop was held in Jamaica to cover the Caribbean region , and a second one was in Morocco to cover the northern African countries (Easterling et al. 2003 the climate is projected to change and the methodologies that were going to be used.
Most of the time was devoted to data analys es by the participants using several customized computer programs. The objectives of the workshop w ere to establish a network of scientists working in climate change analyses in this region and to provide a consistent methodology for studying the climate extremes across South America.
This paper presents the trends in indices of daily temperature extremes over 1960-2000 which were prepared during the workshop in Maceio. The data and methodologies are discussed in section 2 and the analysis of trends is presented in section 3. A summary and conclusions follow in section 4. Results for the precipitation extremes are also presented in a companion paper by Haylock et al. (2004) .
Data and methodologies
Country representatives brought daily precipitation, maximum and minimum temperatures for at least five stations with any metadata available for those stations. Long digital temperature records from high quality stations covering as much as possible of the country were preferable. A total of 68 stations were closely examined for the preparation of the indices (Table 1 ). The period of record varied by station but it generally covered 1960-2000. The stations with shorter records were not used f or the computation of the trends but they were still useful for assessing data quality and homogeneity at nearby stations. The station locations are presented in Figure 1 : very few stations are available with long records in the Amazon region of Brazil.
Data quality and homogeneity
Data quality assessment is an important requirement before the calculation of indices since any erroneous outlier can have a serious impact on the trend s in extremes.
All suspicious daily temperatures were identified: maximum temperatures less than minimum temperatures and daily values outside of four standard deviations from the mean for that time of year. They were visually assessed to find out if they were part of a cold or warm spell and unusual high values were occasionally compared across nearby stations. Sometimes digitizing errors occurred: for example, 17.8°C was digitized as 178.1 at Ponta Grossa, Brazil, on November 11, 1963. The problems were rare and only a few bad values were identified in some stations. All erroneous values were set to missing.
Temperature observations can be very sensitive to station relocation and in particular to changes in instrument exposure and observing practices. Therefore it was necessary to spend some time for homogeneity assessment. A proper homogeneity assessment of a climatological time series requires close neighbour stations and detailed station history (metadata). A candidate station is compared to a reference series computed from the neighbouring stations and a statistical procedure is used to detect steps and trends (inhomogeneities) at the candidate series. The potential causes of the inhomogeneities are then assessed using the metadata. Statistical procedures can also be applied to adjust daily temperature in order to produce a homogeneous time series (Vincent et al. 2001) .
Homogeneity assessment and adjustment of daily data can be quite complex (Aguilar et al. 2003) , therefore the objective was to identify only the most significant problems. A preliminary assessment was performed as follows. Each station annual mean maximum and minimum temperature time series was tested separately using a two-phase regression model. The model was first proposed to test the homogeneity of a climatological series by Peterson 1995 and by Vincent 1998 The procedure consists of the application of two regression models. The first model describes an overall trend in the tested series. The second model describes an overall trend divided by a potential step at an estimated date. The models are compared using an F-test to determine if the step substantially improves the fit of the model. When the Fstatistic is greater than the 95 th percentile (Wang 2003) , the second model is accepted and it is concluded that there is a potential step in the tested series.
Stations with potentially large problems were tabulated and metadata was 
Definition of the temperature indices
A set of 11 temperature indices was selected for this study and their description is given in Table 2 . They are analysed and presented by climate element (i.e. indices based on daily maximum temperature, on daily minimum temperature and on both). The reason for this is that the temporal variations of the daytime temperature can be different from those of the night-time temperature. For example, the night-time temperature over land has increased by about twice the rate of the daytime temperature during the past 50 years (Folland et al. 2001) . The selected indices were calculated on a monthly and/or annual basis. They describe warm and cold temperature extremes. Some are based on a fixed threshold (e.g. summer days, frost days) and their impacts are easy to understand and to evaluate. Others are based on threshold defined as percentiles (e.g. warm days, cold nights) and they are used to facilitate the comparison between stations. Some indices are also computed from both daily maximum and minimum temperatures to provide a measure of extreme temperature variability.
The temperature indices based on percentiles are calculated as percentage of days (in a month or year) above or below the 90 th or the 10 th percentile. The percentiles are calculated from the reference period 1961-1990. They are defined for every day of the calendar and do not represent only the extreme hot days of the summer or the extreme cold days of the winter (Jones et al. 1999) . The y are obtained from 150 values: a five-day window centered on each calendar year over . Recently, it was found that the methodology to obtain the percentile during the reference period could create artificial jumps at the beginning and the end of this period and a bootstrap resampling procedure was developed to better estimate the percentiles during the reference period (Zhang et al. 2004 ). 
Trend estimation
The best-fit linear trend is often used to describe the change in a climatological series. However, it is also influenced by outliers such as large values produced during El Niño years and by the non-normality of the distribution which is often found in extreme values. In this study, an estimator of the slope proposed by Sen (1968) and based on the Kendall's rank correlation was used instead. The estimator is the median of the slopes obtained from all joining pairs of points in the series. The confidence interval is calculated from tabulated values (Kendall, 1955) . This procedure was adapted and applied to estimate the change in annual temperature and precipitation (Zhang 2000) and in extreme wave heights (Wang and Swail 2001) . In this work, the trends were computed for the period 1960-2000 only if less than 20% of the values were missing. The statistical significance of the trends was assessed at the 5% confidence level. Figure 2 presents the map of the trends for these four indices and shows a mixture of not significant trends across the countries. It seems that some stations are in disagreement with the ir surrounding. For example, for Prado, Uruguay, blue and red dots are shown in the summer days and cold days respectively; for Huayao, Peru, blue and red dots are identified in the cold and warm days; and for Ponta Grossa, Brazil, a decreasing trend is found in the warm days. Homogeneity assessment has revealed a potential step at these stations in either the ir annual maximum or minimum temperature with an estimate date of a step closely correspond ing to the year of a station relocation. On the other hand, a significant decreasing trend is found in the warmest day for Ceres, in the north of Argentina, for which the annual maximum temperatures were considered homogeneous.
Tre nds analysis

Annual analyses
Contrary to the indices based on daily maximum temperatures, many significant trends are observed in the indices based on daily minimum temperatures (Table 4 ).
Significant increasing trends in the coldest night (coldest night getting warmer) are found at several stations located along the west coast of South America, and a few are also identified in southern Brazil (Figure 3 ). There are as well more tropical nights in southern while the extreme temperature range has also slightly decreased although the trend is not significant at the 5% confidence level.
Seasonal analysis
Seasonal trends were examined to determine whether there is any season with significant changes in the indices based on daily maximum temperature and if the warming observed in the annual indices based on the daily minimum can be attributed to a particular season. Seasons were defined as follows: winter (June, July, August), spring (September, October, November), summer (December, January, February) and fall (March, April, May). Table 5 provides the number of stations with significant negative, not significant, and significant positive trends for the seasonal temperature indices. Once again, there are not many stations with any significant trends in the seasonal indices based on daily maximum temperatures. However, over 35% of the stations show significant trends in the indices based on the minimum temperature during the summer and fall. It seems that the warming observed in the extreme night-time temperature is mostly due to more warm nights in the summer and fall and to less cold nights during the summer, fall and, to a lesser extent, the spring. Figure 6 shows the seasonal trends in warm nights over 1960-2000. Many of the stations with a significant increase are located near the west and east coasts. In the summer and fall, many stations experience trends greater than 15% which indicate an increase of more than 13 warm nights during the past four decades. In the fall and spring, there are suspicious significant decreasing trends at Pampa de Majes, in the south of Peru, which also corresponds to a strong deceasing step identified in the annual minimum temperatures. The cause of the step was however not established.
Summary and conclusion
This study presents an examination of the trends in indices of daily temperature extreme warm days related to warmer SST . For Argentina, the analysis of the trends in temperature extremes has also indicated a strong warming of the night-time temperature with fewer cold nights and more warm nights (Rusticucci and Barrucand 2004) . However, increasing cold days and decreasing warm days were also found mostly in the summer whereas in this study no significant changes were observed.
The definition of the extremes and the procedure to calculate trends were similar but not identical. This provides further evidence for the strong warming in the night-time temperature extremes and the weaker changes in the daytime temperature extremes.
This study presents the first analyses of the trends in temperature extremes in South America (south of the equator). The workshop in Maceio has provided a great opportunity for establishing a strong scientific network in the region. All participants 
